Bacteria deficient in the DNA-binding protein from starved cells (Dps) are viable under controlled conditions but show dramatically increased mortality rates when exposed to any of a wide range of stresses, including starvation, oxidative stress, metal toxicity, or thermal stress. It remains unclear whether the protective action of Dps against specific stresses derives from its DNAbinding activity, which may exclude destructive agents from the chromosomal region, or its ferroxidase activity, which neutralizes and sequesters potentially damaging chemical species. To resolve this question, we have identified the critical residues of Escherichia coli Dps that bind to DNA and modulate iron oxidation. We uncoupled the biochemical activities of Dps, creating Dps variants and mutant E. coli strains that are defective in either DNA-binding or ferroxidase activity. Quantification of the contribution of each activity to the protection of DNA integrity and cellular viability revealed that both activities of Dps are required in order to counteract many differing stresses. These findings demonstrate that Dps plays a multipurpose role in stress protection via its dual activities, explaining how Dps can be of vital importance to bacterial viability over a wide range of stresses.
T he ability to adapt to changes in the environment is one of the key determinants of the fitness of a species. Bacteria have evolved a multitude of ways to survive and prosper under stressful conditions, ranging from extreme measures such as sporulation to the expression of specialized stress mediation proteins (1) (2) (3) . One such protein vital in stress survival is the DNA-binding protein from starved cells (Dps) (4) , which is conserved to a remarkable degree in more than 300 bacterial species (5) . In Escherichia coli, Dps acts as a component of several stress response pathways; it can be independently upregulated as a member of the OxyR regulon in exponentially growing cells or via S in stationary-phase cells (6) . The presence of Dps enhances bacterial survival of many different stresses, including starvation, heat shock, oxidative stress, and overexposure to iron (7, 8) . These protective effects of Dps expression are presumably due to one or both of its dual biochemical functions, DNA binding and ferroxidase activity (9) , but the molecular mechanisms and physiological consequences of these activities are not yet fully elucidated.
E. coli Dps binds to DNA in vitro with no apparent sequence specificity, forming a highly stable complex (7, 10) . Dps is a minor component of the E. coli nucleoid during exponential phase, but its concentration rises dramatically during stationary phase until Dps becomes the predominant nucleoid-associated protein (11) . Extended periods of interaction between Dps and DNA, both in vivo and in vitro, can result in Dps compacting the DNA into a highly ordered crystalline structure (12, 13) . This striking DNAbinding behavior has been challenging to explain biochemically. Crystallographic studies have shown that E. coli Dps assembles into a spherical, 12-membered homo-oligomer with a hollow core (14) . The outer surface of the Dps oligomer does not display any known DNA-binding motifs and is mostly negatively charged and thereby potentially repulsive to a similarly charged DNA molecule (14) . Not resolved in the E. coli Dps crystal structure were the disordered N-terminal regions of each Dps monomer, which extend outward from the dodecamer and contain several lysines, proposed to contribute to DNA binding (14) (Fig. 1A) . Removal of large sections of the N-terminal region reduce DNA condensation by Dps (15) , but the exact molecular interactions that cause DNA binding remain unclear.
Dps family members contain a highly conserved ferroxidase center located at their dimeric interfaces (4) . These residues catalyze the oxidation of Fe(II) ions by hydrogen peroxide to produce Fe(III), which is mineralized and stored within the Dps cavity (16, 17) . Each ferroxidase center in E. coli Dps contains two iron-bind-ing sites with differing affinities (16) . The stronger A site is coordinated by the His51, Glu82, and Asp78 residues. The weaker B site is coordinated by His63 and Glu82 and frequently contains a water molecule unless Dps is saturated with iron (16, 17) (Fig. 1B) . The weak affinity of the B site is speculated to be due to a salt bridge between the Lys48 and Asp78 residues (16) . Despite the extensive crystallographic investigation of the Dps ferroxidase center, the contribution of specific residues to Dps ferroxidase activity has yet to be determined biochemically.
In this study, we have unraveled the role of each Dps activity in E. coli stress protection by selectively modifying Dps activities. Targeted residue substitutions in the Dps N-terminal region and ferroxidase center created Dps point variants with either modified DNA binding affinity or ferroxidase activity, while leaving the other function unaffected. These experiments identified critical DNA-binding lysine residues and also pinpointed the crucial residues involved in Dps iron oxidation. An in vitro DNA protection assay showed that alteration of the strength of either biochemical activity correlated with the ability of each Dps variant to protect DNA from oxidative degradation. We also quantified the contributions of Dps ferroxidase activity and DNA binding to bacterial survival under stress with in vivo viability assays, revealing that both activities are required for Dps protection under a wide variety of different stress conditions. Thus, this work reveals that the DNA-binding and ferroxidase activities of Dps are biochemically separable but function jointly to preserve DNA integrity and cellular viability.
MATERIALS AND METHODS
Site-directed mutagenesis. Site-directed mutagenesis was performed according to the QuikChange protocol (Stratagene). Codons with the highest coding frequencies were chosen for substitutions in the dps gene. The sequences of the forward primers used are as follows, with altered base pairs underlined: K5A, 5=-CATATGAGTACCGCTGCGTTAGTTAAAT  CAAAAGC-3=; K8A, 5=-GTACCGCTAAATTAGTTGCGTCAAAAGCG  ACCAATC-3=; K10A, 5=-GCTAAATTAGTTAAATCAGCGGCGACCAA  TCTGCTTTATACC-3=; K48H, 5=-CTTTCTTTGATTACCCATCAAGC  GCACTGGAAC-3=; H51A, 5=-GATTACCAAACAAGCGGCCTGGAAC  ATGCGCGGCGCT-3=; D78A, 5=-CTGATCGATCATCTGGCGACCAT  GGCAGAACG-3=. PCR was performed with Phusion polymerase (Promega) by using a pET-17b-dps plasmid (18) as the template. The PCR product was digested with DpnI and used to transfect chemically competent E. coli TOP10 cells. Successful mutagenesis was confirmed by sequencing. Dps purification. Dps purification was performed as described by Karas et al. (18) . Briefly, a pET-17b plasmid containing Dps was transfected into E. coli BL21(DE3)pLysS. Cells were grown at 37°C with shaking at 250 rpm to an optical density at 600 nm (OD 600 ) of 0.4 to 0.6. Dps expression was induced with isopropyl-␤-D-thiogalactopyranoside (IPTG) for 4 h. The cells were disrupted with a French press. After clarification, the lysate was purified with a combination of ion-exchange column chromatography (DEAE-Sepharose and SP Sepharose; GE Healthcare) and ammonium sulfate precipitation. The concentration of purified Dps samples was determined by measuring the absorbance at 280 nm, with a molar extinction coefficient of 15,470 M Ϫ1 cm Ϫ1 for the Dps monomer. The oligomeric stoichiometries of purified wild-type Dps and all Dps point variants were determined via gel filtration on a Superdex 200 Increase 10/300 GL column (GE Healthcare).
DNA binding assay. Linear DNA (331 bp, 2.5 nM final concentration) and Dps (final monomer concentration of 0.075 to 5 M for wild-type Dps and H51A, K48A, and D78A mutant Dps; 2.5 to 50 M for K5A mutant Dps; or 5 to 150 M for K8A and K10A mutant Dps) was added to 1ϫ PDB buffer (25 mM HEPES-KOH [pH 7.6], 5 mM MgCl 2 , 5 mM KCl, 0.032% NP-40, 10% glycerol). Ingredients were mixed and incubated for 30 min at 30°C. Samples were put on ice, mixed with DNA loading dye (6ϫ Blue/Orange Loading Dye; Promega), and loaded onto an unstained gel (0.6% agarose in 0.5ϫ TB buffer, prerun for 30 min at 80 V and 4°C). Electrophoresis was performed at 4°C for 2 to 3 h at 80 V. The gel was poststained with Sybr Gold dye (Invitrogen) for 30 min at 4°C. Imaging was performed on a Typhoon scanner (GE Healthcare) with an excitation wavelength ( ex ) of 488 nm, an emission wavelength ( em ) of 520 nm, a photomultiplier tube (PMT) voltage of 300 to 400 V, and a 50-m pixel size. ImageQuant software was used for band intensity quantification. The fraction of bound DNA was calculated as 100% minus the fraction of unbound DNA, based on a no-DNA control lane. The data were fitted to the Hill equation (14) . Residues that were altered in this study are boxed (top).
The first amino acid of the Dps protein is Ser2, because of posttranslational cleavage of the N-terminal methionine (48, 49) . (B) The ferroxidase active site, with predicted iron atoms indicated as yellow spheres (14, 16, 17) . decamer concentration, 0.5 M for N-terminal mutant proteins and 2 M for ferroxidase center mutant proteins) was added to 1ϫ reaction buffer to a total volume of 100 l, and this sample was used to blank the spectrophotometer (NanoDrop 2000c). For ferroxidase activity measurements, Dps was mixed with 1ϫ reaction buffer, and then FeSO 4 was added (final concentration range, 3 to 72 M), mixed, and allowed to incubate for 30 s. Hydrogen peroxide was added to a concentration equal to 0.5 times the [FeSO 4 ] (1.5 to 36 M) in a final volume of 100 l and mixed with a pipette. The cuvette was rapidly inserted into the spectrophotometer, and a kinetic measurement program was initiated (measurement of absorbance at 304 nm at 3-s intervals for a total of 800 s). The output file was exported into OriginPro, in which the initial slope (typical interval: t ϭ 10 to 40 s) of the oxidation curve was fitted linearly. Each reaction was performed at least in triplicate. All errors are expressed as the standard error of the mean.
DNA protection assay. FeSO 4 at 2 mM was freshly prepared under a nitrogen atmosphere and stored in an airtight vial. A stock solution of 100 mM H 2 O 2 was freshly made and kept in the dark on ice. Linear DNA (2.8 kb; linearized plasmid pUC19) was diluted in 12ϫ reaction buffer (1 M MOPS-KOH [pH 7], 1 M NaCl) to a concentration of 100 ng/l, and 1 l of the mixture was added to a reaction tube. Water was added to bring the final volume to 12 l (without SDS), and then 3 M dodecamer Dps was added. In the case of the bovine serum albumin (BSA) control conditions, 3 M BSA was added in place of Dps. The mixture was incubated for 15 min at room temperature to allow Dps-DNA binding to occur. FeSO 4 solution was added (final concentration of 0 to 1 mM), quickly followed by hydrogen peroxide (final concentration of 10 mM). The reaction mixture was mixed and allowed to incubate for 5 min at room temperature. A 0.8-l volume of 20% SDS was added, mixed, and incubated at 85°C to dissociate the DNA-Dps complexes; this was followed by 1 min of incubation on ice. The reaction product was mixed with DNA loading dye (6ϫ Blue/Orange Loading Dye; Promega), run on a 1% agarose gel, and poststained with ethidium bromide. Imaging was performed on a Typhoon scanner (GE Healthcare) with a ex of 532 nm, a em of 610 nm, a PMT voltage of 300 to 400 V, and a 50-m pixel size. ImageQuant software was used for band intensity quantification.
The protocol was modified for the N-terminal Dps variants to better highlight the differences in DNA binding affinity. The incubation step following hydrogen peroxide addition was extended to 1 h. Prior to disaggregation with SDS, the reaction was stopped by adding 1 l of 0.5 M EDTA and approximately 0.05 g of MnO 2 crystals. The mixture was vortexed for 1 min to allow iron chelation to EDTA and MnO 2 -mediated hydrogen peroxide degradation to occur. Each reaction was performed at least in triplicate. All errors are expressed as the standard error of the mean.
Strain construction. All new bacterial strains were created from E. coli K-12 strain W3110 (CGSC no. 4474). The dps mutant strain was created by replacing the genomic dps gene with a counterselectable cat-sacB cassette. Lambda red helper plasmid pKD46 (19) was transformed into E. coli W3110. The strain was grown in LB medium (50 g/ml ampicillin, 30°C, 250 rpm) to mid-exponential phase; this was followed by the addition of L-arabinose (final concentration, 0.4%) to induce the expression of the lambda red proteins. After an additional incubation for 1 h at 37°C while shaking, cells were made electrocompetent. Plasmid pKD3V (20) was used as the template for PCR to obtain the counterselectable cat-sacB fragment. The primers were decorated with 50-bp homology flanks for recombination (underlined), flanking the dps gene in the chromosome, as follows: forward, 5=-TACTTAATCTCGTTAATTACTGGGACATAACA TCAAGAGGATATGAAATTTGTAGGCTGGAGCTGCTTCG-3=; reverse, 5=-AGGAAGCCGCTTTTATCGGGTACTAAAGTTCTGCACCAT CAGCGATGGATCATATGAATATCCTCCTTAG-3=.
The PCR product was DpnI digested, purified, and transfected into electrocompetent E. coli W3110 cells with expressed lambda proteins. Following 4 h of recovery in LB medium, the cells were plated on LB agar containing chloramphenicol at 25 g/ml. The dps knockout was confirmed by colony PCR and sequencing. The newly constructed strain (E. coli W3110 dps::cat-sacB) was grown at 37°C to remove the pKD46 plasmid.
The dps knockout strain was used as the template for the creation of Dps mutant strains. The strain was made ready for lambda red recombination and transfected with the mutated dps variants flanked by 50-bp chromosomal flanks (underlined, obtained by PCR from pET17b vectors) produced with the following primers: forward for all except for K5A mutant Dps, 5=-TACTTAATCTCGTTAATTACTGGGACATAACATCAAG AGGATATGAAATTATGAGTACCGCTAAATTAG-3=; forward for K5A mutant Dps, 5=-TACTTAATCTCGTTAATTACTGGGACATAACATCA AGAGGATATGAAATTATGAGTACGCTGCGTTAG-3=; reverse for all, 5=-AGGAAGCCGCTTTTATCGGGTACTAAAGTTCTGCACCATCAG CGATGGATTTATTCGATGTTAGACTC-3=.
Homologous recombination was allowed to occur, and cells were plated on NaCl-free LB agar with 10% sucrose (counterselective for sacB). Plates were incubated overnight at 30°C. Healthy-looking colonies were restreaked onto LB agar containing chloramphenicol at 25 g/ml. Colonies that did not grow on chloramphenicol were selected for colony PCR, and gene replacement was verified by sequence analysis.
To ensure clean genetic backgrounds, phage transduction was carried out. Phage P1 lysate was made with the dps knockout (donor) strain. An overnight culture of the dps knockout strain in LB containing chloramphenicol at 25 g/ml was diluted 1:50 in LB supplemented with 30 mM MgSO 4 and 15 mM CaCl 2 . The culture was incubated at 37°C for 30 min while shaking. Phage P1 lysate was added to the culture (20 l of phage/10 ml) and incubated at 37°C for approximately 3 h until the culture became clear. Chloroform was added (200 l of chloroform/10 ml); this was followed by filtration with a 0.45-m filter. An overnight culture of wildtype W3110 was diluted 1:10 in LB supplemented with 30 mM MgSO 4 and 15 mM CaCl 2 . Tubes with 1 ml of diluted culture were incubated with dilutions of fresh P1 lysate for 30 min at 37°C while shaking. Cells were pelleted for 3 min at a relative centrifugal force of 10,000, resuspended in LB supplemented with 20 mM Na-citrate, and incubated for 1 h at 37°C while shaking to stop transduction. The cells were pelleted, resuspended in 100 l of LB with 20 mM Na-citrate, and plated on LB agar with 20 mM Na-citrate and chloramphenicol at 25 g/ml. Transformants were restreaked several times onto selective plates with 20 mM Na-citrate to prevent readsorption of the phage. Selected transformants were checked by sequence analysis. Western blotting indicated that the Dps expression levels in all of the strains were approximately equivalent.
In vivo stress survival assays. Single colonies of wild-type, dps knockout, and dps mutant strains were cultured overnight in HiDef Azure medium (Teknova) supplemented with 0.2% glucose at 37°C while shaking. Overnight cultures were diluted in fresh medium to an OD 600 of 0.04 and grown to mid-exponential phase and an approximate OD 600 of 0.6. The following stress conditions were applied, at 37°C with shaking unless otherwise indicated: none, 24 h of growth, heat shock (50°C for 30 min), oxidative stress (10 mM H 2 O 2 for 15 min), antibiotic stress (spectinomycin at 1 mg/ml for 24 h), iron toxicity (10 mM FeSO 4 for 15 min), osmotic shock (500 mM NaCl for 24 h, added to 24-h-old cultures), and 48 h of growth. Samples of stressed cultures were taken and serially diluted in 0.9% NaCl (10 Ϫ1 to 10 Ϫ8 ). A 5-l volume of each dilution was plated in duplicate on LB agar for counting of CFU. Each reaction was performed at least in triplicate. All errors are expressed as the standard error of the mean.
placed with alanine through site-directed mutagenesis, creating the K5A, K8A, and K10A variants of Dps (Fig. 1A) . These modified proteins were purified biochemically, and the fraction of assembled dodecameric Dps was determined by gel filtration to be Ͼ99.9% for each variant (see Fig. S1 in the supplemental material). The effects of the N-terminal point substitutions on the DNA-binding and iron oxidation properties of Dps were measured in vitro.
The DNA-binding affinities of Dps N-terminal variants were tested in a gel shift assay in which purified Dps at various concentrations was incubated with short linear DNA at pH 7.6; this was followed by electrophoresis to detect Dps-dependent complex formation ( Fig. 2A) . Dps dodecamers form extensive aggregates with DNA in vitro within seconds, such that Dps-bound DNA is shifted to the wells of the gel, even when short DNA fragments of Ͻ100 bp are used (7, 13, 15) . Wild-type Dps was seen to bind DNA in a highly cooperative manner, with a Hill coefficient of 2.9 Ϯ 0.3 and an apparent K D of 0.165 M Ϯ 0.007 ( Fig. 2B ; Table  1 ). The N-terminal mutant forms of Dps all bound DNA with severely weakened affinity compared to that of wild-type Dps but similar degrees of cooperativity. K5A mutant Dps bound DNA with a 65-fold weaker K D than wild-type Dps, and K8A and K10A mutant Dps each bound with a 200-fold weaker K D (Fig. 2B; Table 1 ). These dramatically weakened affinities indicate that the N-terminal lysine residues play a crucial role in Dps binding to DNA. The variation in affinities among the variants demonstrates that not all of the lysines in the N terminus contribute equally to DNA binding ( Fig. 2B ; Table 1 ).
Any effects of the N-terminal mutations on Dps ferroxidase activity were assayed by measuring iron oxidation rates in the presence of Dps and hydrogen peroxide under anaerobic conditions. Iron oxidation rates were measured by determining the initial rate of increase in absorbance at 304 nm caused by the transition of Fe 2ϩ to Fe 3ϩ (21) . In the absence of Dps, the rate of spontaneous iron oxidation was low (Fig. 3B) . The iron oxidation rates increased with the iron concentration for each Dps variant, and no significant differences between the rates of wild-type Dps and the N-terminal lysine-to-alanine Dps variants were seen (Fig.  3B) . These results indicate that Dps ferroxidase activity was not altered by point mutations that radically weakened DNA-binding affinity.
Dps ferroxidase and DNA-binding activities are fully separable. While the ferroxidase active site of Dps proteins is highly conserved (5), it remains unclear which specific amino acids are functionally required for iron oxidation. Using site-directed mutagenesis, we individually altered two of the coordinating residues for the strong iron-binding site to create H51A mutant Dps and D78A, two variants with potentially weakened ferroxidase activity. We also attempted to create a Dps variant with stronger ferroxidase activity through a K48H mutation, mimicking the ferroxidase center of Listeria innocua Dps, which binds iron with higher affinity (16, 22) (Fig. 1B) . These Dps variants were purified biochemically, and the fraction of assembled dodecameric Dps of each variant was determined to be Ͼ99.9% (see Fig. S1 in the supplemental material). Their iron oxidation and DNA-binding properties were determined in vitro.
An intrinsic fluorescence quenching assay revealed that wildtype Dps and the Dps variants each bound to iron with indistinguishable stoichiometries, showing that the ferroxidase site mutations had no effect on that property (data not shown) (17, 22) . The effects of the Dps ferroxidase site mutations on iron oxidation rates were then determined (Fig. 3A) . Each Dps variant catalyzed iron oxidation at an increasing rate as the iron concentration was increased. As predicted, D78A mutant Dps oxidized iron at a The DNA-binding properties of the ferroxidase center mutant Dps proteins were analyzed to determine whether the alterations in ferroxidase activity had affected DNA binding as well. Each of the ferroxidase site mutant (H51A, K48H, and D78A) Dps proteins had DNA-binding affinities and Hill coefficients nearly identical to those of wild-type Dps ( Fig. 2C ; Table 1 ). The DNA-binding and ferroxidase activities of Dps are thus completely separable, since each may be altered without changing the other. Furthermore, our experiments confirm the creation of Dps variants that are each altered in only one of their two primary biochemical activities. These variants can be used to test the contribution of each activity to Dps-mediated cellular protection separately.
Both Dps activities are required for in vitro DNA protection. One central aspect of Dps stress mediation is the protection of DNA from oxidative damage, which has been documented both in vivo and in vitro (15, 17, 23, 24) . Despite the importance of Dps in DNA protection, it is unclear which Dps activities contribute to the effect: ferroxidase activity, DNA binding, or both? An in vitro DNA protection assay was performed to answer this question. The combination of hydrogen peroxide and iron in solution produces damaging hydroxyl radicals through iron-catalyzed degradation of hydrogen peroxide. These radicals cause DNA strand breaks, which can be visualized by electrophoresis (18, 25) . The protective effect of Dps under these conditions was quantified by measuring the intensity of the undamaged DNA band at differing concentrations of Fe(II) (Fig. 4A) . Wild-type Dps provides dramatic protection of the DNA compared to conditions with no added protein (Fig. 4 ). An assay performed with added BSA protein showed no additional DNA protection compared to the no-protein condition ( Fig. 4B and C) , indicating that Dps protection of DNA is specific.
The DNA protection assay was performed in the presence of the N-terminal Dps variants (Fig. 4B ) and the ferroxidase center Dps variants (Fig. 4C) . The two sets of experiments were performed with slightly altered protocols in order to highlight the differences in protection within each group of Dps variants. Assays of the three N-terminal Dps variants revealed that they all protected DNA less efficiently than wild-type Dps did, with K5A mutant Dps preserving DNA less efficiently than K8A and K10A mutant Dps (Fig. 4B) . These results indicate that DNA binding is required for DNA protection by Dps, although the strength of DNA binding did not directly correlate with the strength of DNA protection. Among the ferroxidase center variants, D78A mutant Dps protected DNA less efficiently than did wild-type Dps, H51A mutant Dps had DNA protection capability similar to that of wildtype Dps, and K48H mutant Dps protected DNA more efficiently than did wild-type Dps (Fig. 4C) . The relative strength of DNA protection of each Dps variant correlates well with its relative ferroxidase activity, demonstrating that ferroxidase activity also contributes directly to DNA protection.
Bacterial survival of stress benefits from both Dps activities. We next tested the effects of modifying individual Dps activities on bacterial viability under different stress conditions in vivo. By two-step lambda red recombination (20) , bacterial strains were constructed that carry the characterized Dps active-site point mutations or have dps knocked out in a wild-type E. coli strain W3110 background (see Fig. S2 in the supplemental material). Two Dps variants were not considered further, i.e., H51A mutant Dps because it behaved identically to wild-type Dps in all in vitro assays and Dps K8A because it displayed the same biochemical properties as Dps K10A. The strains of interest were grown in rich defined medium and then subjected to stress (starvation, heat shock, oxidative stress, antibiotic stress, iron toxicity, or osmotic stress); this was followed by determination of the concentration of viable cells. Most stresses were applied to cells in the mid-exponential growth phase, despite the relatively low concentration of Dps protein in exponential-phase cells; otherwise the cells would experience nutritive stress in addition to the stress being assayed, complicating the interpretation of the experiment.
The viability of bacteria with altered Dps activity was indistinguishable from that of the wild-type strain, both in the mid-expo- nential phase and after 24 h of growth ( Fig. 5A and B) . In contrast, every other stress condition tested resulted in lower viability of the dps knockout strain, as well as the dps K5A , dps K10A , and dps D78A mutants, which display lower DNA-binding or ferroxidase activity than the wild-type strain (Fig. 5C to H) . The dps K48H mutant, which exhibits increased ferroxidase activity, was similar in viability to wild-type E. coli under these stress conditions (Fig. 5C to H) . Both DNA-binding and ferroxidase activities are therefore required for Dps to protect bacterial viability during stress, for a broad range of different types of stressors.
DISCUSSION
Dps plays a multifaceted role in bacterial stress mediation. E. coli Dps has two major distinct biochemical functions, DNA binding and iron deposition, which complicates mechanistic studies of its contribution to stress survival. We have dissected this complexity by selectively modifying specific Dps functions and assessing their individual contributions to stress protection. This approach has provided unprecedented insight into the mechanisms governing stress mediation by Dps, revealing that both of its biochemical activities are required for full preservation of biological viability, as well as DNA integrity, under a broad array of different stress conditions.
Lysine-based DNA interaction creates nonspecific binding. Although much effort has been made to identify the DNA sequence motifs that bind to nucleoid-associated proteins, very few DNA-binding amino acid motifs have been identified within nucleoid-associated proteins (26, 27) . Differing members of the Dps protein family have been proposed to utilize several different mechanisms for Dps-DNA interaction (28) (29) (30) (31) (32) . In E. coli, Lactococcus lactis, and Deinococcus radiodurans, the flexible N-terminal extension of Dps has been shown to be required for binding to DNA (15, 33, 34) , although the specific amino acid residues involved in DNA interaction have not previously been identified.
In this work, we have found that the spaced lysine residues in the extended E. coli Dps N-terminal region bind to DNA (Fig. 3B) . The Dps lysines, predicted to be positively charged under physiological conditions (15) , could potentially interact with DNA exclusively on its negatively charged phosphate backbone, bypassing the need for a specific DNA sequence motif (7, 10) . DNA binding by Dps has been proposed to partially involve ion bridges with the negatively charged surface of Dps, based on observations that Dps-DNA interaction is exceedingly sensitive to the precise concentration of Mg 2ϩ ions (15, 35) . This mode of binding may be more prominent at pH values and Mg 2ϩ concentrations lower than those used in this study.
While Dps species that have been shown to bind DNA via their N-terminal regions also contain positively charged amino acids in their N-terminal regions, sequence alignment does not reveal conserved sequence motifs or a common spacing of positively charged amino acids in the N-terminal region. Secondary structure prediction software (Quick2D) indicated that the three lysine residues in the N-terminal regions of E. coli, L. lactis, and D. radiodurans are most probably located in an alpha helix in the extended tail in each case and are predicted to be disordered. Alteration of the individual lysines to alanines in the E. coli Dps N-terminal region is not predicted to affect the alpha-helical structure or the disordered region. This result suggests that impaired DNA binding of these mutant proteins is caused not by a change in the flexibility or structure of the N-terminal region but only by a change in its electrostatic charge.
Conserved ferroxidase active-site residues can enhance or decrease activity. In comparison to Dps DNA-binding ability, which is not shared by all family members and is carried out by several different types of binding signatures (5), the ferroxidase center of Dps proteins is highly conserved. However, few studies have attempted to determine the structure-function relationship between these conserved ferroxidase center residues and the resultant ferroxidase activity of Dps proteins. Asp78 has been shown to be one of the coordinating residues for strong iron binding site A, and our results indicate that it is indeed a vital contributor to Dps ferroxidase activity (Fig. 3A) (14) . However, our experimental data show that the H51A mutation had no detectable effect on the iron oxidation rate (Fig. 3A) . This result was unexpected since the Dps residue corresponding to His51 of E. coli Dps has been shown to be critical for the ferroxidase activity of L. innocua Dps (22) and various dps sequences at mid-exponential-phase (A), after 24 h of growth (B), after exposure to heat shock (C), after exposure to hydrogen peroxide (D), after exposure to spectinomycin (E), after exposure to FeSO 4 (F), after exposure to osmotic stress (G), and after 48 h of growth (H). WT, wild type; k.o., knockout.
the presence of multiple histidines per ferroxidase center is an evolutionarily conserved feature (5) . The failure of the H51A substitution to affect iron oxidation can perhaps be attributed to structural differences between the L. innocua and E. coli Dps proteins in the second metal coordination shell surrounding the ferroxidase center (5), leading to the H51A substitution creating differing conformational changes in the two homologs.
In order to create Dps with increased ferroxidase activity, we attempted to increase the affinity of the secondary iron-binding site in E. coli Dps. The weak B site is occupied by water under many conditions (14, 16) and thus cannot catalyze iron oxidation. Increasing the affinity of the secondary site should, in theory, lead to more efficient binding and subsequent oxidation of iron. We removed the predicted salt bridge between Asp78 and Lys48 by introducing an additional histidine residue. Iron oxidation by K48H mutant Dps was up to 100% higher than that by the wild type (Fig.  4B) , verifying the hypothesis that Lys48 has an inhibitory effect on Dps ferroxidase activity.
Intriguingly, E. coli Dps has evidently not evolved to have maximally efficient iron oxidation properties, even though improvement of this ability would require only minor changes to its DNA sequence (Fig. 3B) . While Dps does not play a major role in iron storage in E. coli, that job being largely carried out by ferritins and a bacterioferritin (36, 37) , Dps ferroxidase activity is required for survival under many different stress conditions (Fig. 5) . Unexpectedly, E. coli cells expressing K48H mutant Dps are not better protected against stressors than are cells expressing wild-type Dps (Fig. 5) , suggesting that there may be little advantage in increased ferroxidase activity. Perhaps the inefficiency of E. coli Dps iron oxidation is compensated for by the massive upregulation of Dps expression that occurs in response to stresses such as starvation (7, 11) , which would still allow for a robust enzymatic response to stressful conditions. Each separable Dps activity provides direct protection of DNA. The biochemical DNA-binding and ferroxidase activity properties of our Dps variants revealed the finding that Dps activities are fully separable; specific engineered alterations of DNA binding affinity do not affect ferroxidase activity and vice versa. This feature has previously been hinted at by experiments showing that L. innocua Dps and E. coli Dps missing its first 18 amino acids, both of which exhibit poor DNA binding, can both still protect DNA from oxidative degradation (5, 15) .
We aimed to test whether individual changes in Dps activity would have functional consequences for Dps protection. An in vitro DNA protection assay provided the result that each Dps DNA-binding mutant protein is weaker than wild-type Dps at preserving DNA (Fig. 4B) . While a previous study did not observe a notable difference in DNA protection between wild-type Dps and a variant missing its first 18 amino acids that bound DNA poorly (15) , our work tests a wider range of iron concentrations and reveals distinct deficiencies in protection by DNA-binding mutant proteins at higher iron concentrations. Among these Dps variants, even though DNA binding is important for in vitro DNA protection (Fig. 4) , the affinity for DNA is not correlated with a protective effect (Fig. 2 and 4) . Our results also indicate that the Lys5 residue has a function different from those of both Lys8 and Lys10. These lysines could potentially contribute unequally to two parallel and only partially dependent processes, DNA binding and DNA condensation (15) , of which DNA condensation would be more crucial to DNA protection.
Contrary to DNA binding affinity, Dps ferroxidase activity shows an excellent correlation with the protective effect (Fig. 4C) . Compared to wild-type Dps, the three ferroxidase center mutant proteins show better (K48H), equivalent (H51A), and worse (D78A) levels of DNA protection, exactly paralleling their relative abilities to oxidize iron. The difference between the best and worst performers in the group is dramatic, which suggests that ferroxidase activity is of key importance under these conditions. Overall, we can conclude that both DNA-binding and ferroxidase activities are involved in oxidative stress mediation by Dps in vitro.
Separable Dps activities work together to protect cells. To assess the individual contribution of each Dps activity to cell survival, dps variants with altered ferroxidase or DNA-binding activities were engineered into the chromosome of a wild-type E. coli strain, replacing the wild-type dps gene. The engineered strains were subjected to numerous types of stressors, which varied in both physical and chemical natures and which cause the induction of several differing E. coli stress mediation pathways (1, 38, 39) . Previous studies of Dps have suggested that the different activities of Dps could contribute to the survival of different types of stress (7, 17, 24) . However, our results show that both the Dps DNAbinding and ferroxidase activities are required for Dps to protect cells against each different stressor tested (Fig. 5 ), in agreement with our finding that both Dps activities are also required to prevent oxidative degradation of DNA in vitro (Fig. 4) .
Our results indicate that many stressors may cause both oxidative/metal stress, which can be directly neutralized by Dps ferroxidase activity, and physical targeting of the chromosome, which could be counteracted by Dps binding to and shielding of the chromosome. In the cases of iron and H 2 O 2 stresses (Fig. 5D and  F) , the stress-inducing chemicals can be directly neutralized by Dps ferroxidase activity (17) and will also spontaneously create reactive oxygen species that can directly damage cellular DNA. During heat shock (Fig. 5C ), respiration and chemical reaction rates are higher (40) and superoxide dismutase is upregulated (41), causing the formation of H 2 O 2 that could be combated by both Dps activities. Both osmotic shock (Fig. 5G) and starvation ( Fig. 5H ) result in the upregulation of a suite of oxidative stress response genes and regulons, including OxyR and SoxR (42, 43) , perhaps indicating that these stressors may also boost reactive oxygen species levels.
Recent work has shown that certain representatives of the major classes of antibiotics, including aminoglycosides, seem to cause cell death via pathways that do not involve reactive oxygen species (44, 45) . However, our results indicate that spectinomycin, an aminoglycoside antibiotic that inhibits elongation during protein synthesis and interferes with membrane integrity (46, 47) , damages cells through mechanisms that can be counteracted via both ferroxidase activity and DNA binding (Fig. 4E) . This antibiotic may therefore indeed generate intracellular reactive oxygen species, at least at the high concentrations used in this study. Complete understanding of the mechanisms whereby Dps activities protect cells will require direct probing of the effect of Dps on intracellular levels of ferrous iron and reactive oxygen species molecules during stress, as well as investigation into whether Dps activities can influence DNA breakage and modification in vivo.
